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Abstract: In the past few years, unmanned aerial systems (UAS) have achieved great popularity
for civil uses. One of the present main uses of these devices is low-cost aerial photogrammetry,
being especially useful in coastal environments. In this work, a high-resolution 3D model of a
beach section in Guardamar del Segura (Spain) has been produced by employing a low maximum
takeoff mass (MTOM) UAS, in combination with the use of structure-from-motion (SfM) techniques.
An unprecedented extensive global navigation satellite system (GNSS) survey was simultaneously
carried out to statistically validate the model by employing 1238 control points for that purpose.
The results show good accuracy, obtaining a vertical root mean square error (RMSE) mean value of
0.121 m and a high point density, close to 30 pt/m2, with similar or even higher quality than most
coastal surveys performed with classical techniques. UAS technology permits the acquisition of
topographic data with low time-consuming surveys at a high temporal frequency. Coastal managers
can implement this methodology into their workflow to study the evolution of complex, highly
anthropized dune-beach systems such as the one presented in this study, obtaining more accurate
surveys at lower costs.
Keywords: UAS; GNSS; coastal environment; validation; DSM; dune systems; survey; 3D point
cloud; SfM
1. Introduction
The coastal dune ecosystems located in arid climate regions represent a unique biotope because of
the mutual influence between marine and terrestrial systems. In addition, coastal areas are some of the
most popular tourist destinations worldwide. Due to its good climate, together with the great number
and length of its beaches, the Spanish Mediterranean coast constitutes one of the most important
attractions for domestic and international mass tourism, exploiting the “sun and beach” tourism
model [1]. For those reasons, a precise understanding of the beach-dune ecosystems is critical, as they
are dynamic areas subject to rapid changes. Apart from natural factors, these ecosystems can be greatly
altered by human action, which affects their stability, eventually causing their destruction [2,3].
Dunes in coastal environments are problematic landforms to analyze, owing to the complex
interaction among vegetation, topography, aeolian, and marine processes that affect them. For that
reason, it is crucial to frequently monitor the terrain to detect dune changes over time in an appropriate
way. Traditional surveying methods for obtaining accurate data usually require a large amount of time
and labor, even using cutting-edge technologies such as real-time kinematic (RTK) global navigation
satellite system (GNSS) surveys [4]. Even though the use of transects might be adequate for modeling a
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linear and fairly uniform element such as a beach, in a dune area the probability for different transects
to correctly represent the behavior of a wider zone decreases dramatically because of the existing
horizontal distance between transects [4,5]. Additionally, the reduced resolution of the field data often
makes it difficult to obtain accurate volumetric measurements of the dune system.
Emerging terrestrial laser scanning (TLS) technologies offer very accurate infield measurements
but they often need to deploy multiple scanning stations throughout the study area due to their
limited scanning range and shadow effects caused by obstacles, topography, and vegetation, causing a
decrease in performance [6,7]. Moreover, TLS surveys generate an enormous volume of data, which is
time-consuming to process, as well as requiring large amounts of storage. Light detection and ranging
(LiDAR) systems employed on low altitude flights have been shown to deliver both accurate horizontal
and vertical measurements [8]. Various studies have proven the capacity of LiDAR data to represent
large coastal areas with sufficient precision (with vertical root mean square (RMS) accuracy values
typically ranging from 0.13 to 0.19 m), and its capability to monitor changes over time [9–11]. However,
it cannot provide data with a comparable spatial resolution and vertical accuracy with respect to TLS
and GNSS-based methods. In addition, airborne missions (especially those involving LiDAR) are
expensive and complex to organize, so data collection depends in most cases on government-sponsored
flights, which reduces or even interrupts their coverage over time [4].
In the present decade, the appearance of affordable low maximum takeoff mass (MTOM)
unoccupied aerial systems (UAS) for civil uses, combined with the progress made in modern imagery
algorithms, such as structure-from-motion (SfM), has rapidly increased the use of photogrammetric
techniques based on UAS to build high-resolution digital surface models (DSM) for studying a
wide variety of surface processes [12]. UAS-based photogrammetry provides numerous advantages
in contrast with the aforementioned methods. It permits the study of specific zones through fast,
high-performance surveys at the desired sample frequency with quality results [13,14].
There are multiple examples of UAS applications in dynamic natural environments: (i) landslide
monitoring [15–17]; (ii) fluvial dynamics [18,19]; (iii) vegetation monitoring [20–22]; or (iv) coastal
environment surveying [13,23–28].
This investigation is performed on the dune-beach system of Guardamar del Segura coast in
Alicante (Spain), where the sustained recession of the shoreline caused by the anthropogenic pressure
has severely damaged the dune system and ruined nearby buildings (Figure 1) [29]. The motivation of
this work is to assess the feasibility of UAS to undertake periodic precision surveys at much lower
costs in the Spanish Mediterranean coast and similar environments by comparing it with classical
ground surveying methods, considering the current restrictions existing in these protected zones, as
well as national and local UAS regulations [30]. The present study evaluates the applicability of UAS to
dune-beach surveys in terms of costs and accuracy. It also analyzes and validates the obtained digital
surface model (DSM) with respect to the different types of existing surfaces and contrasts the resulting
validation parameters with previous studies made in similar conditions and environments.
For these purposes, a field campaign of flights with a consumer low-cost UAS has been conducted
to map the foredune and the adjacent beach. The procedure of UAS image collection and the SfM-based
photogrammetric process is described and subsequently analyzed by comparing and validating the
results obtained with an unprecedented simultaneous extensive GNSS-based survey involving 77
ground control points (GCP) and 1238 validation points. Results show that UAS is a more precise,
faster, and less expensive method than the classical ground surveys. The methodology and results
obtained in this work may be useful for studying these valuable areas at risk over time.
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del Segura (Alicante, Spain) to the mouth of the river Segura, belonging to Los Viveros Beach. In 
particular, it ranges from the shoreline and a nearby pedestrian road for accessing the zone, covering 
a surface area of 57,000 m2, forming a rectangular region with a length of approximately 525 m and a 
width of 120 m (Figure 2). The prevalent wind directions are ENE and NE, both with a frequency of 
15%. A small increase in both frequencies and speeds has been detected in the last decade, with 
maximum speeds not exceeding 10 m/s. The tidal range is negligible and is only influenced by 
weather conditions, giving values of approximately 0.3 m [31]. 
 
Figure 1. Effects of the shoreline recession on nearby buildings, caused by anthropogenic stress: (a)
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2. Materials and Methods
2.1. Area of Study
The study area comprises the coastal area that extends from the north of the town of Guardamar
del Segura (Alicante, Spain) to the mout f t e river Segura, belonging t Los Viveros Beach. In
particular, it anges from the shoreline an rby pedestrian road for accessing the zone, covering
a surface r of 57,00 m2, for i ctangula region with a length of approximately 525 m and
a width of 120 m (Figure 2). The prevalent wind directions are ENE and NE, both with a frequency
of 15%. A small increase in both frequencies and speeds has been detected in the last decade, with
maximum speeds not exceeding 10 m/s. The tidal range is negligible and is only influenced by weather
conditions, giving values of approximately 0.3 m [31].
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As it is one of the main tourist places in the county, this area is under enormous anthropogenic
pressure, not only from the town’s inhabitants, but also from residents of nearby cities and foreign
tourists. Additionally, the surrounding urban area recently experienced a strong growth, becoming
massively populated, especially during the summer season.
2.2. UAS Field Campaign
The UAS field campaign for data acquisition took place on 12 June 2017, with clear skies and calm
periods alternating with weak winds of 2–3 m/s. The equipment used for this study was a low take-off
weight UAS model, the DJI Phantom 4 quadcopter (Dà Jia¯ng Innovations Science and Technology Co.
Ltd., Shenzhen, China), valued at $1500 (Figure 3a). This device was equipped with a FC330 built-in
camera and a 1/2.3” CMOS sensor with a maximum resolution of 12.4 Mpixel. The lens has a 94◦ field
of view (FOV), with a 35-mm equivalent focal length of 20 mm and a f/2.8 aperture. It was provided
with three 6000 mAh smart batteries that allowed a net flight time of nearly 20 min per battery, totalling
one hour per field session. For the mission planning and flight control, the iOS application Pix4D
Capture (Pix4D SA, Prilly, Switzerland) was used. The UAS position, status, and the video signal were
continuously monitored on the operator screen during the whole flight.J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 5 of 16 
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Only two 15-min flights were needed to complete the survey, departing from two different
take-off and landing points. The flight path was established in a double mesh layout (longitudinal and
latitudinal), permitting redundant overlap of the pictures taken, which is essential for creating a 3D
model using SfM algorithms. The flight altitude was set at 60 m above ground level, taking a picture
every 2–4 s. The latitudinal overlap was set to 70%, and the longitudinal overlap was fixed to 80%.
The average spatial resolution of the images was 2.5 cm/pixel. Two flights were necessary to cover the
study area, and a total of 622 images were taken. The flight mission was developed as planned, with
no remarkable incidents that could add possible sources of uncertainty.
As the study area is classified as a public domain protected space, it is not allowed to leave
any permanent element, including ground control points (GCPs). This fact is even more relevant
considering that the zone is frequently crowded during the summer and other holiday periods, making
it extremely difficult to keep the permanent GCPs away from people. A total of 77 temporary GCPs
were placed before the flight mission and acquired using a Leica Viva GS16 GNSS receiver equipped
with real-time kinematic (RTK) positioning technology, used to improve the accuracy of location data
acquired from the GNSS (Figure 3a). These points are indispensable for accurately georeferencing the
aerial images in the SfM process. Figure 3c shows the target model used for that purpose.
2.3. GNSS Survey
For the purpose of statistically validating vertical and horizontal errors from the UAS survey
and to assess the accuracy of the obtained DSM, a total of 1238 complementary GNSS points were
surveyed (Figure 4a) in dissimilar characteristic surfaces: dune, beach, road, and wooden walkways.
To perform this survey the same Leica Viva GS16 GNSS equipment was used (Figure 4b). This device
was linked to the GNSS reference station network of Valencia (ERVA network) via GPRS/3G connection,
using RTK with the NTRIP-based network solution to obtain the coordinates in ETRS89 datum. This
technology does not consider the distance to the closest station, but the receiver must be inside the area
of the triangle defined by the reference stations, as in this case. The accuracy of the acquired data was
±20 mm, both in XY and Z coordinates. The GNSS campaign was carried out the same day as the UAS
survey, which involved a 12-h work session, in order to have identical topographic conditions as for
the UAS survey.
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2.4. SfM-Based Photogrammetry
A photogrammetric procedure based on a SfM algorithm is required for building a high-precision
3D terrain model from the UAS images. Agisoft Photoscan (recently renamed as Agisoft Metashape)
Professional Edition software (version 1.2.4, Agisoft LLC, St. Petersburg, Russian Federation)
was selected for this work due to its essentially automated workflow, founded on multi-view 3D
reconstruction technology, and for its suitability for UAS image processing. Moreover, this software is
widely used by researchers worldwide, as it requires little training in SfM photogrammetry, but at the
same time offers good quality results. The general workflow for processing the UAS images is divided
into seven different steps (Figure 5).
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The first step consists of adding images obtained from the UAS, and their camera positions and
orientation derived from the UAS sensors, which are contained in the EXIF metadata of the image files.
In the next stage, i.e., photo alignment, the software locates tie points among each pair of overlapping
images, then adjusts the camera position and orientation for each photo, and eventually builds the
sparse point cloud model. The parameters used are shown in Figure 5.
The third step consists of marker placement. Markers are high-precision points distributed
throughout the studied area used to optimize camera positions and orientation. This process produces
better model reconstruction results and comprises the location of the visible GCPs on each image
and the placement of a marker on the corresponding place. The software automatically identifies the
position of the markers on every related image, but a manual inspection and a position refinement of
the markers is often required to assure good accuracy of the resulting point cloud. For that reason, this
stage is usually the most time-consuming one. Lastly, the actual marker coordinates are imported from
a file containing the actual coordinates of the GCPs obtained from the GNSS survey.
In the fourth stage of the workflow, camera alignment optimization, the position of the images is
recomputed taking into account the previously defined GCPs. PhotoScan settings are established to
ensure that the optimization procedure will not consider the camera position given in the images’ EXIF
metadata, which is less accurate than that obtained via GCPs. For this purpose, the camera accuracy is
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set to 10 m and the marker accuracy is 0.001 m, so the resulting point cloud will be georeferenced in
terms of XYZ coordinates.
In the next stages, the software calculates the depth map for each camera and combines all of
them into a single dense point cloud. The resulting output can be exported as an orthoimage or as a
raster DSM, both using the desired coordinate system in a GeoTIFF file format.
SfM techniques demand high computing capability to process and view the resulting models.
The technical specifications of the computer used for this task are shown in Table 1.
Table 1. Technical specifications of the computer used for the photogrammetric process.
Element Specifications
CPU model Intel Core i7-2670QM
CPU speed 2.2 GHz
CPU cores/threads 4 cores, 8 threads
CPU internal cache 6 MB
Memory 8 GB DDR3 RAM
GPU NVIDIA GeForce GT 540M
GPU memory 2 GB DDR3 RAM
Hard disk Samsung 850 EVO SSD 250 GB
Operating system Microsoft Windows 10 64-bit
3. Results and Discussion
3.1. SfM Process Results
The main parameters resulting from the SfM process are presented in Table 2. After processing
the images obtained from the two flights, the resulting orthoimage (Figure 6a), the DSM, and the dense
point cloud (Figure 6b) were merged into a single dataset for the entire area of study. Almost 2.8 million
points form the dense point cloud, which constitutes a three-dimensional model of the surface, with
an average density of nearly 30 points per square meter. The digital surface model of the study area
was created from the dense point cloud (Figure 6c), with a mean planimetric accuracy of 0.089 m and
0.079 m accuracy for elevation data. The orthoimage created using the UAS imagery and the DSM
showed a spatial resolution of 2.5 cm/pixel, precise enough to observe footprints left on sand dunes.
Table 2. Results of the SfM process.
Parameter Value
Number of images used 622
Actual flying altitude 61 m
Coverage area 98,600 m2
Number of GCP used 77
GCP RMSE XY 0.089 m
GCP RMSE Z 0.079 m
Dense Cloud Points 2,792,354
DSM Point density 29.6 pt/m2
Ground resolution 2.5 cm/pixel
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The time elapsed in each stage of the SfM process is displayed in Table 3. The most time-consuming
step was the GCP markers placement, as this task requires human intervention to refine the position of
each marker in every image. Because of the high quantity of images and GCPs used (8–12 visible GCPs
per image), it took a time span of nearly 5 hours to finalize this phase. The image alignment was the
second most time-consuming stage, followed by the dense point cloud generation. Note that these
time frames are closely related to the computational power of the computer utilized, so they can be
shortened by simply using more powerful computers. The overall time required to complete all the
stages of the SfM process was 10 hours and 37 minutes. Nonetheless, in view of the amount of time
and labor needed to carry out classical ground surveys, the photogrammetric techniques employed by
UAS offer superior performance.
Table 3. Time performance of the SfM process.
Stage Processing Time (HH:MM:SS) Relative Time Consumption (%)
1. Add images 0:00:30 0.1
2. Align images 3:13:00 30.3
3. Place markers 4:45:00 44.7
4. Optimize alignment 0:01:59 0.3
5. Build dense point cloud 2:27:00 23.1
6. Generate DSM 0:05:12 0.8
7. Generate orthophoto 0:04:29 0.7
Total time consumed 10:37:10 100.0
As previously mentioned, dunes are complex surfaces to model, so for this study it was necessary
to take such a high number of GCPs. On less complex areas, such as the one described in [14], taking
fewer GCPs at the edges and some in the middle of the area of interest (AOI) could be sufficient.
However, in this case, apart from the outer edges of the AOI, it was necessary to position targets at both
edges of the dune slope (both at the crest and at the dune toe), as well as at the centre of the images.
Despite that fact, the processing time could be reduced considering a lesser amount of GCPs per image,
considering recent studies in similar zones as the one developed by Laporte-Fauret et al. [32].
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3.2. Validation of the DSM Using the GNSS Survey
Cross-validation was performed between the measurements taken with the GNSS equipment
and those taken from the DSM obtained by means of the UAS survey and SfM processing. For each
collected RTK-GNSS point, the elevation of the nearest point from the UAS DSM was extracted. The
mean difference (or bias) and RMSE (that is, the standard deviation of the sample) were adopted as
measurement error indicators, where positive bias implies that, on average, the UAS exceeded the
surveyed elevation using GNSS.
One remarkable contribution from this study is the outstanding number of validation points used
in comparison with recent studies carried out in coastal environments, such as the one conducted
by Laporte-Fauret et al. using similar image resolution and flight altitude [32]. As the distribution
curve of the residuals fits to a normal distribution, the minimum number of validation points n can be
obtained using the Equation (1):
n =
(
σ
e
)2
Z2α (1)
where σ is the standard deviation of the population, e is the absolute sampling error, and Zα is the
normal probability distribution value for the desired confidence level α. In order to obtain a sampling
error of 1 cm with a confidence interval of 99% (Z99 = 2.575), the minimum sample size, that is, the
minimum number of validation points to survey is:
n =
(0.121
0.01
)2
2.5752 = 971 samples (2)
As this study has used 1238 validation points, the results presented in this study can be assumed
to be statistically representative.
The average value of vertical RMSE was acceptable (0.121 m), with a highly reduced bias of 0.0161
m, indicating a good general accuracy for performing this sort of work in this kind of environments. In
fact, previous studies obtained roughly the same RMSE values [13,32,33]. If we compare the obtained
RMSE values for the present UAS survey with those achieved using airborne LiDAR surveys [9–11],
the accuracy is about the same, or even higher.
The detailed results of the vertical RMSE obtained for each type of surface are shown in Figure 7.
An analysis of the different surface types shows, in general, a good agreement of measurements and a
near 1:1 fit between GNSS and UAS data, which means that the accuracy of UAS measurements is
equivalent to the obtained GNSS point dataset. The coefficient of determination (COD) values obtained
are greater than 0.97 in all of the surface types, except for beach points, where it is close to 0.90. The
residuals graphs show similar distribution curves, with mean errors close to zero (Figure 8).
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Figure 7. Vertical RMSE per surface type.
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It i l t t t t t r l t t r i if i t r t l r
r t is t at its residuals are below twice the standard deviation (that is, twice of RMSE value). Table 4
provides the fit equation parameters, whic provide an error c rection based on the surface typ that
other authors can use to quantify DSM uncertainty; for instance, in flood studies, where resolving curbs
and pavements ca alter flood wave propagation. The tabl also shows the validation threshold an
UAS accur y values. Ov rall, 93.2% of the p ints were accurat ly measured. In roads and walkw ys,
only one point is v r the validation threshold, which means an accuracy of more than 98% (note the
variation caused by the different number of points surveyed). The points survey d in the beach area
also have an accuracy of more than 90%. Finally, 84.4% of the 980 points surveyed in the dune area are
below the validation thres old, showi g a fairly good RMSE Z value f 0.096 m.
Table 4. Fit equation parameters and errors (y = a + bx), elevation RMSE, bias, and validation
parameters for the different types of surfaces surveyed.
Type of Surface Dune Beach Road Walkways
Intercept, a −0.00506 ± 0.01022 −0.15193 ± 0.03978 0.04925 ± 0.0152 0.15714 ± 0.0895
Slope, b 0.99778 ± 0.00183 1.10907 ± 0.03791 0.97409 ± 0.00682 0.93385 ± 0.02304
COD, r2 0.99671 0.88155 0.9956 0.9721
RMSE Z (m) 0.0960 0.1668 0.0433 0.1758
Bias (m) 0.0161 0.0464 0.0059 0.0895
Validation threshold (m) 0.1920 0.3336 0.0866 0.3517
No. of validation points
within the validation
threshold
827 107 91 48
Number of validation points 980 117 92 49
UAS accuracy (%) 84.4 91.5 98.9 98.0
However, some differences in accuracy appear when the different surfaces are considered separately.
The results show a similar trend to those obtained by Elsner et al. [33]. In this case, DSM data show little
systematic differences on the asphalt surface (RMSE Z of 0.043 m), but a more significant divergence
on the beach area (RMSE Z mean value of 0.167 m). One of the possible causes that explain that
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value is the low optical contrast of the beach surface. Homogeneous or reflective surfaces are often
problematic for the image matching stage, which leads to a high number of outliers [33]. Surfaces with
a heterogeneous and distinct texture are preferred for a more accurate image matching process [34].
The problem of “smooth” surfaces, such as the sand in a beach area, is also highlighted in [35], making
them very difficult zones from which to extract highly accurate SfM topographic datasets. This reason
might explain the relatively low performance of the UAS-based DSM model when validated using
GNSS control points. In the dune zone, however, the presence of shadows cast by the shape of the
dune and the existing vegetation helps to increase the heterogeneity of the surface, hence the RMSE
value for elevation is considerably lower than on the beach, which is a flat extension of homogeneous
sand. The road is a surface with greater contrast than the wooden walkway, the color of which is very
similar to the surrounding sand. In consequence, the RMSE Z value in the first surface is lower than in
the second case.
Table 5 develops a comparison between previous coastal surveys, indicating the main parameters
used for the flight campaign and the vertical accuracy obtained in terms of bias and RMSE. The results
show RMSE values ranging from 0.041 m to 0.13 m, with an average value of 0.087, and bias values
from ±0.01 to ±0.11, with a mean value very close to zero. Regarding the uncertainty of the GNSS
measurements (usually from ±15 to ±20 mm), the different studies show a consistent and similar
accuracy, which could be sufficient for surveying this kind of environment.
Table 5. Comparison between UAS survey parameters for different coastal studies.
Author
Image
Resolution
(Mpixel)
Mean Flight
Altitude (m)
Mean
GSD
(cm/pixel)
Number
of GCP
No. of
Validation
Points
Bias Z (m) RMSE Z(m)
Mancini et al. (2013) [13] 18.0 40 0.6 18 126 −0.010 0.11
Gonçalves et al. (2015) [25] 12.0
137 4.7 13 170 0.024 0.062
131 4.5 13 170 0.035 0.068
93 3.2 12 148 0.013 0.041
Turner et al. (2016) [27] 18.2 100 3.4 0 (RTKUAS) 15,247 0.026 0.068
Elsner et al. (2018) [33] 16.0 70 1.7 49
1542 −0.053 0.113
3567 −0.069 0.108
Ruessink et al. (2018) [36] 12.1
Not
specified
Not
specified
39 147 0.029 0.084
39 262 0.053 0.107
33 3191 0.014 0.067
Laporte-Fauret et al. (2019) [32] 12.0 50
4.5
10 65
−0.11 0.13
20.0 1.78 −0.02 0.05
Bañón et al. (2019) 12.4 61 2.5 77 1238 0.016 0.121
Average value 15.1 85 3.0 30 2156 −0.004 0.087
Figure 9 shows a graphical comparison between the different accuracy values from the studies
mentioned in the previous table. It can be seen that the present study comparatively obtains a better
value for bias and a higher RMSE value but is very close to some of the analyzed studies. This could
be due to the reasons previously described in this article.
3.3. Digital Surface Model and Profile Comparison
Figure 10a shows the DSM obtained from the UAS survey. To check the coherence of the model,
two representative profiles of the beach-dune system were selected—one from the north side of the
study area and another from the south side. Figure 10b,c shows a comparison of these two profiles
using both GNSS and UAS derived datasets. It can be observed that both lines practically overlap. The
slight differences shown between the two profiles are caused by the presence of low vegetation, which
is difficult to filter with current aerial imaging methods.
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A key factor in coastal area monitoring is the determination of the sedimentary budget, which can
be used by the coastal or the beach anager to determine which zones of the coast are experiencing
J. Mar. Sci. Eng. 2019, 7, 297 13 of 16
regression or transgression processes. For that purpose, it is fundamental to estimate the volume of
the sediments, and field surveys are required. To estimate the possible error involved when using
UAS-derived data for that task, the cross-section surface area of the two representative profiles has
been obtained and presented in Table 6. It can be easily seen that the margin of error obtained in
both profiles is negligible at less than 1%, which validates the UAS methodology hereby explained for
performing sedimentary budget estimations with sufficient precision.
Table 6. Surface area and differences between GNSS and UAS surveys in two representative transects
of the study area.
Parameter Profile 1 Profile 2
UAS surface area (m2) 409.57 357.54
GNSS surface area (m2) 407.77 355.07
Difference UAS-GNSS (m2) 1.80 2.47
Difference UAS-GNSS (%) 0.44 0.70
3.4. Final Remarks
The novelty in this research is the extensive field survey by GNSS conducted together with the
UAS survey. The complexity of the surveyed surface and the homogeneity of the sand may affect
the process to create a DSM using the UAS image-based photogrammetry [33–35]. For that purpose,
77 GCPs and 1238 validation points were surveyed, a much higher volume than previous recent
studies [13,32,33], obtaining statistically sound results. With this wide field survey, this research also
outlines the significant reduction in time and costs obtained using UAS and SfM technologies instead
of classical GNSS surveys (Table 7). The surveying time is dramatically reduced from 720 to 30 min,
permitting more surface area to be covered within the same session. That is an important factor,
especially for extensive zones, such as beaches or dune fields. The model generation time using the
SfM methodology could be easily reduced by using less GCPs, as the main time-consuming task is
the semi-manual marker placement (see Table 3). Furthermore, the current times and costs will be
decreasing rapidly over time as new improvements arrive to the UAS sector.
Table 7. Time and cost estimations for UAS and GNSS coastal survey methodologies in this study.
Stage
UAS-SfM Methodology Classical GNSS Methodology
Time (min) Cost (USD) Time (min) Cost (USD)
Planning and setup 60 40 90 60
Field survey 30 40 720 550
Model generation 637 250 60 150
Total 727 330 900 760
Nevertheless, there are some disadvantages to consider. Firstly, flight regulations can be restrictive
in survey areas, especially near inhabited zones. Particularly, current Spanish regulations for UAS
limit their use overcrowded areas without specific permission, such as beaches and over building
agglomerations, and the maximum flight altitude is set to 120 m [30]. Secondly, the generated 3D
point cloud often includes elevation data coming from undesired sources—buildings, power lines,
treetops, and many other elements—instead of from the ground surface, causing a partial distortion of
the obtained model. There are several algorithms that mitigate or even correct some of these issues, but
they usually demand near infrared (NIR) data to properly detect and filter the vegetation cover [37].
Unfortunately, low-cost UAS are normally not equipped with them.
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4. Conclusions
The dune-beach system of Guardamar del Segura has proven to be an exceptional testing site for
the methodology presented in the present article. The complex foredune surface and the contiguous
beach have been studied using a small, lightweight, inexpensive consumer UAS.
For this study, a twin field campaign was designed, acquiring data from UAS flights and from a
GNSS survey. The UAS images were processed through SfM software, obtaining a digital model of the
surface. By comparing the two datasets, the results show the high accuracy of UAS-based methodology,
obtaining an excellent distribution of residuals and RMSE mean values of 0.12 m, which are similar or
even higher than those obtained by employing other techniques, with a good profile fit with the high
resolution GNSS terrain model.
Despite the existing minor drawbacks, the advantages of UAS surveys combined with SfM
methodology are obvious—a time-saving, consistent, high-precision method that permits the modeling
of rapid-changing environments, such as beach-dune systems, at considerably lower costs. Additionally,
undertaking periodic and comprehensive surveys to monitor the progression of these complex
ecosystems with high reliability and sufficient data quality has been proven possible in this research.
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